Abstract: The effects of substituting a step quenching process for the traditional water quenching and of adding zirconium into an Al-Mg-Si alloy, were investigated using differential scanning calorimetry (DSC) and transmission electron microscope (TEM), together with a tensile and hardness tester. The results indicated that step quenching and zirconium addition affected the microstructure and mechanical properties significantly.
INTRODUCTION
The Al-Mg-Si alloy is a typically age-hardened aluminum alloy. The age-hardening potential of the Al-Mg-Si alloy cannot be fully exploited through traditional quenching process. Especially after natural aging, the age-hardening response during artificial aging is very small [1] [2] [3] [4] . Therefore, the present study focused on how to ameliorate the Al-Mg-Si alloy with good formability before stamping, with higher age-hardening response during artificial aging.
In 1991, Dutta and Allen [5] investigated the precipitate evolution of aluminum alloy 6061, a representative Al-Mg-Si alloy, by using DSC and TEM. They proposed that Si clusters, which are formed at low temperature, are transformed into GP-I and GP-II zones competitively. The next year, the DSC results attained by Gupta and Lloyd [6] indicated that the initial exothermal peak contains two overlapped peaks, which indicated the action of some other reaction other than Si aggregating. However, they did not acquire direct evidence to prove the existence of Si clusters. To observe the nanostructures of the clusters, Edwards et al. [7] and Murayama et al.
[8] applied one-dimensional atom probe field ion microscopy (Ed-the acronym APFIM is unnecessary as it is not used anywhere else in the paper) and three-dimensional atom probe (3DAP), respectively, to examine the early stages of decomposition from the super-saturated solid solution. Although they found direct evidence for the presence of Si clusters, Mg clusters, and Mg-Si co-clusters. They could not reveal the essence, constitution and function in the sequential evolution of the clusters. At the same time, with the development of the theory of GP zone or nanocluster, many studies have been carried out on the heat treatment of the Al-Mg-Si alloy to improve the precipitation kinetics and aging behavior [9] [10] [11] [12] [13] . Recently, Serizawa et al. [14] analyzed nanoscale clusters by exploiting the combination of DSC and 3DAP. They confirmed that two kinds of cluster (I) and cluster (II), are formed in early stage of precipitation. Their researches expounded the formation temperature, size, chemical composition, thermal stability of cluster (I) and cluster (II), and relationship with the β′′ phase in detail. When the Al-Mg-Si alloy is aged at 170 ℃, cluster(I), which is preferentially formed at around room temperature, hindered the formation of the β′′ phase during baking (artificial aging) treatment. While cluster (II), which is preferentially formed by presaging at 100 ℃, enhanced the formation of the β′′ phase. On the basis of these results, the new process proposed in this research is designed to obtain higher agehardening response by increasing the amount of β′′ phase during baking (artificial aging) treatment.
Several studies have reported that a small Zr addition into the Al-Mg-Si alloy can induce the formation of Al 3 Zr, which can act as the nucleation site for α-Al during the solidification process [15] [16] [17] [18] . However, little research has examined the effect of Zr addition in the subsequent recrystallization after stamping and heat treatment. Furthermore, the effect of Zr addition in the Al-Mg-Si alloy on the process of aging is not clear. The second purpose of the research is to investigate the effect of a step quenching and Zr addition on the microstructure and mechanical properties during recrystallization and aging.
EXPERIMENTAL PROCEDURES
The chemical compositions of the alloys used in this study are listed in Table 1 . The casting specimens after cutting were homogenized at 535 ℃ for 24 h. Then the alloys were hot and cold rolled into 2 mm-thick sheets. Cold-rolled specimens were solution treated at 535 ℃ for 1h, separately quenched into an oil bath at 150 ℃, 100 ℃, and 50 ℃, and held for 1 h. These treatments are referred to herein as S.Q.150, S.Q.100, and S.Q.50, respectively, Meanwhile, a group of specimens was quenched into iced water and held for 60 s for comparison purpose; this water quenching treatment is referred to as "W.Q.". Three different natural aging treatments were applied at room temperature immediately after the quenching in iced water and before the artificial aging (A.A.) at 177 ℃ for 0.5 h: without natural aging (first group, A.A. only) and with natural aging for 2 weeks (second group, 2 w N.A.) and 4 weeks (third group, 4 w N.A.). The process of heat treatment is shown in Fig. 1 .
The DSC analysis was conducted in a purified argon gas atmosphere using an SDT Q600 instrument under heating rates of 2 ℃/min, 5 ℃/min and 10 ℃/min, (Ed-there is no respective comparison here) with a flow rate of 100 mL/min. The microstructures of the specimens after being quenched at different temperatures were examined with an optical microscope (Leica DM750). The TEM (Ed-this acronym has already been defined above) instrument (JEOL JEM-2010) was operated at an accelerating voltage of 200 kV. Thin-foil specimens for TEM were prepared by double jet electro polishing in a 3:7 electrolyte containing nitric acid : methanol, at -30 ℃ and a voltage of 15 V. The hardness test was conducted with Vickers hardness tester with 500 gf load. The tensile properties such as ultimate tensile strength (UTS), 0.2% yield strength (YS) and elongation (EL) were obtained by using an R&B, Unitech-M testing machine.
RESULTS
3.1. The effect of step quenching and Zr addition on the microstructure of the Al-Mg-Si alloy The microstructures of A and AZ alloys held at 535 ℃ for 1 h for solution heat treatment followed by different step quenching (S.Q.) processes are shown in Fig. 2 . The recrystallization was completed for all processes. The fibrous structure formed during cold rolling changed to a new equiaxial structure. The grain size of A alloy was heterogeneous. Some coarse grains appeared in the microstructure, with some fine grains at the boundaries between the coarse
